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Most Aloe species have long-tubed orange–red flowers, and many of these have been shown to be pollinated by birds. A few Aloe species
have relatively short-tubed whitish or cream flowers, and one of these species, Aloe inconspicua, has been shown to be pollinated by insects. Here
we further document exclusive insect-pollination in Aloe minima and A. linearifolia, two short-tubed summer flowering aloes in the grasslands of
KwaZulu-Natal, South Africa. Despite sunbirds being present in the study area, only bee species were observed to visit and pollinate these two
aloes. There was little difference in seed set between bird-excluded and open-pollinated treatments, indicating that bee visitors are effective as
pollinators of these two species. In a few cases, a single visit by a bee was enough for successful fertilization. Other floral traits, including UV
reflectance, small quantities of concentrated nectar, and the presence of floral scent (associated with pollination by insects), strengthen the
argument for evolutionary specialization for exclusive insect-pollination in certain species of Aloe.
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The genus Aloe L. (Asphodelaceae: Aloideae) is one of the
most widely recognised South African plant groups. Their
widespread popularity is enhanced by their mass flowering
during the austral winter months when their brilliant yellow,
orange and red flowers brighten the dry landscape. Several bird
species flock to these aloe displays and some act as pollinators
(Oatley and Skead, 1972; Hoffman, 1988; Ratsirarson, 1995;
Stokes and Yeaton, 1995; Johnson et al., 2006; Botes et al., 2008;
Symes et al., 2008) whilst feeding on the abundant, dilute nectar
that is produced. Bees, especially honeybees, are also frequent
visitors to these aloes and in some cases co-pollinate with birds
(Botes et al., 2009), but can also act as resource robbers and
reduce the seed output of aloes (Hargreaves et al., in press).
Although the majority of aloes in South Africa appear to be
bird-pollinated, based on floral features, there are several⁎ Corresponding author.
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doi:10.1016/j.sajb.2009.07.010grassland species that flower outside the main winter flowering
season and produce relatively fewer, smaller flowers of either
whitish or cream colour (Reynolds, 1969; Van Wyk and
Smith, 2003). These floral traits are considered consistent with
entomophily (Faegri and Van der Pijl, 1979), and insect-
pollination was recently confirmed for one of these species,
Aloe inconspicua (Hargreaves et al., 2008). In this study we
tested the insect-pollination hypothesis for a further two short-
tubed grassland species, one with cream flowers and thus
expected to be exclusively insect-pollinated, the other with
yellow flowers, expected to be visited by both insects and
birds.
2. Methods
2.1. The study species
Aloe minima Baker (=A. parviflora Baker) and Aloe
linearifolia A.Berger are endemic to the grasslands of eastern
South Africa and flower in the KwaZulu-Natal Province during
late January to March. Identifications and nomenclature of thets reserved.
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A. parviflora (a taxon corresponding to one of our study
populations) as a synonym of A. minima. Voucher specimens
for the study species from the localities that we studied them
were lodged at the University of KwaZulu-Natal Herbarium
(NU) as Wragg 1488, and Wragg 1772.
A. minima is an inconspicuous species, and although
localised, tends to be well scattered. Plants produce up to
three slender, capitate racemes (b400 mm tall). The tubular
flowers are 8–12 mm long (Glen and Hardy, 2000) and are a
light pinkish cream colour. Flowers are presented horizontally
at anthesis. Anthers and stigma are included in the perianth and
block the tube entrance. A. linearifolia has a more robust
architecture, but non-flowering plants are still hard to locate in
amongst the grass as plants tend to be well scattered. Up to three
capitate racemes are produced, more rigid than those of A.
minima. The short, tubular flowers, 11–15 mm long (Glen and
Hardy, 2000) are bright greenish-yellow in colour and hang
downward at anthesis. Anthers and stigma are scarcely exserted
and are adpressed to the abaxial side of the floral tube. Flowers
in both species are protandrous, mature acropetally and lift
upwards against the raceme axis after being pollinated. The
number of flowers in anthesis is typically limited to four in both
species.
2.2. Site description
The study area falls within the subtropical eastern region of
South Africa in the KwaZulu-Natal Province. The landscape is
of undulating, grassy hills interspersed with savanna woodland.
There are afromontane forest in the gorges and extending up
moist slopes forming a mosaic with grassland. Erosion-resistant
deposits of Natal Group Sandstone have resulted in flat-topped
hills (plateaus), on which species-rich grasslands predominate.
The area receives summer rainfall, often in the form of
afternoon thunderstorms. Morning mist can occur. Summer
days are warm to hot with humidity levels close to saturation;
the nights are mild. The study was conducted principally on two
sandstone plateaus on the outskirts of urban sprawl halfway
between Msunduzi (Pietermaritzburg) and eThekwini (Durban).
It was conducted over two flowering seasons (2007 and 2008).
A. minima was studied at Summerveld (29°48′S, 30°43′E, alt.
760 m a.s.l.), and A. linearifolia at Winston Park (29°49′S,
30°47′E, alt. 620 m a.s.l.). Both sites were on rocky, northwest-
facing slopes supporting species-rich remnants of KwaZulu-
Natal Sandstone Sourveld grassland. Additional pollinator ob-
servations for A. linearifoliawere conducted at Vernon Crookes
Nature Reserve on the KwaZulu-Natal south coast, an area of
similar botanical and geological features. All sites are burnt
every one to three years during winter.
2.3. Floral characteristics
Nectar volume (standing crop) was sampled in the morning
in situ from a single flower in anthesis from each of 24
individuals per species with calibrated micropipettes, and the
sugar concentration was determined with a handheld refract-ometer (Bellingham and Stanley). Spectral reflectance of a
single petal from the flower of five individuals per species,
measured over the UV–visible range of 300–700 nm, was
determined with an Ocean Optics S2000 spectrophotometer, as
described by Johnson and Andersson (2002). To characterise
floral scent, we performed dynamic headspace volatile extrac-
tions and analysed the samples using coupled gas chromato-
graphy–mass spectrometry (GC–MS), following the protocols
of Shuttleworth and Johnson (2009). For each species, head-
space air from each of five or six single inflorescences enclosed
in polyacetate bags was pumped over sorbent cartridges
containing Tenax® and Carbotrap™ sorbents for 1 h. These
samples were obtained in situ from single undisturbed plants in
2008 during mid morning on warm days (~25 °C). Aggregated
cut inflorescences were also sampled in an attempt to obtain
stronger samples, but these samples yielded similar emission
rates and no additional compounds so only the in situ samples
are reported. The samples were thermally desorbed from the
cartridges and separated into their constituent compounds using
gas chromatography. Compounds were identified using mass
spectrometry; those that were similarly abundant in ambient or
vegetative (leaf-only) controls and the samples were excluded.
The proportional abundance of each compound in each sample
was estimated using MS ion counts. Emission rate was
estimated from the total ion count per sample, using the number
of ions produced per unit mass when authentic standards were
analysed in the same way (averaged over the representative
standards linalool, ocimene, benzyl alcohol and phenylethyl
alcohol).
2.4. Breeding system
The degree to which these two species are dependent on
floral visitors for their pollination and subsequent seed set was
determined through controlled hand pollination experiments.
Randomly selected, marked flowers were treated in three ways:
1) selfing—an emasculated flower receiving pollen from the
same individual, 2) crossing—an emasculated flower receiving
pollen from another individual, and 3) control—an unmanipu-
lated flower not receiving pollen, thus testing for autonomous
selfing. This was done in situ on ten A. linearifolia individuals
bagged with a fine mesh that excluded pollinators, and ten A.
minima individuals from the potted collection at the University
of KwaZulu-Natal Botanical Garden. These plants were
originally collected from the Summerveld population and a
nearby population at Eston. Fruit set was quantified as the
proportion of flowers receiving each treatment that set fruit, and
the number of seeds present in the capsules was also counted.
2.5. Pollinator observations
Over the course of the two flowering seasons, A. minima was
observed for a total of nearly 15 h over seven days, and A.
linearifolia for a total of almost 25 h over eight days (including
nine hours at Vernon Crookes Nature Reserve over two days).
Floral visitors were observed for their feeding behaviour on the
flowers, and a few were caught and the pollen loads on the head
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and the composition thereof examined under light microscope,
with pollen of each species used as reference.2.6. Pollinator effectiveness
To establish the pollination efficiency of insect visitors we
encaged whole plants, 14 individuals of A. minima and 15
individuals of A. linearifolia, in a black plastic net tube with the
top end drawn closed and the bottom end pressed to the ground
and held in place by inverted U-bent wire anchored into the
ground. The net had a mesh size of 15 mm which has been
shown in prior studies (Botes et al., 2009; Hargreaves et al.
in press) to be effective in excluding potential sunbird visitors to
the flowers, while allowing insects unhindered access. There
was a gap between the flowers and the net of at least 50 mm to
prevent birds from reaching the flowers from outside the cage.
Fourteen and 15 naturally occurring individuals of A. minima
and A. linearifolia, respectively, were located in close proximity
to these caged plants to serve as open-pollinated controls. In
order to test whether a single visit by an insect pollinator would
be sufficient for successful pollination, 10 individuals each of
A. minima and A. linearifolia were bagged in situ with a fine
mesh material that excludes all pollinators for a period of one
week to allow for virgin flowers to open, and then selectively
exposed to freely foraging pollinators. Pollinators were allowed
to visit the open flowers only once. Visited flowers were
marked and the exclusion mesh replaced. The floral visitor was
identified in each case. For both the exclusion and the single
visit experiments, proportional fruit set was recorded, based on
the number of available flowers that set fruit, and number of
seed present per fruit capsule was counted.Fig. 1. Spectral reflectance of Aloe minima and A. linearifolia flow3. Results
3.1. Floral characteristics
The standing nectar crop was low in both species, with mean
volumes (±SE) of just 1.1±0.2 µl and 3.0±0.4 µl for A. minima
and A. linearifolia, respectively. Mean sugar concentrations
were 25.9±1.9% and 26.6±1.4%, respectively. Flowers of both
species reflected UV (Fig. 1). Both species consistently emitted
floral volatiles not present in controls (Table 1), and no
compounds were detected in vegetative controls that were not
also present in the ambient controls. The scents of both species
were dominated by terpenoids and benzenoids, though that of
A. linearifolia was much richer (17 compounds, compared to 6
for A. minima). The floral scent of neither species was clearly
discernable to the human nose, though that of A. linearifolia
(21.9 ng inflorescence− 1 h−1) was stronger than that of A.
minima (5.6 ng inflorescence− 1 h−1).3.2. Breeding system
Out of a total of 41 flowers treated as controls, 48 as selfed
and 43 as crossed in A. minima, only four (9%) of the crossed
flowers set fruit. A total of 55, 38, and 23 flowers in A. li-
nearifolia were given control, selfed, and crossed treatments,
respectively, with only 10 (23%) of the crossed flowers setting
fruit. These differences between selfed and crossed flowers are
nevertheless significant (Fisher's exact test, A. minima,
P=0.046; A. linearifolia, Pb0.001) and indicate self-incompat-
ibility. The median seed set was 17 seeds per fruit (range 13–
19) for A. minima and 17 seeds per fruit (range 1–26) for A.
linearifolia.ers. Solid lines are the mean (N=5), dotted lines are the ±SE.
Table 1
Composition and emission rate of floral scent of Aloe minima and A.
linearifolia, captured using dynamic headspace sampling and analysed using
GC–MS.
Compound a Aloe linearifolia Aloe minima
Aliphatic esters
Hexyl acetateS 3.4±1.0%
Benzenoids
1,2-DimethoxybenzeneRT 0.7±0.3% 1.4±0.6%
3,5-DimethoxytolueneMS 0.5±0.2%
Benzyl alcoholS 17.4±3.9% 39.3±1.0%
Benzyl benzoateS 0.9±0.4% 0.9±0.4%
Methyl salicylateS 1.8±0.8% 6.1±2.7%
Phenylethyl acetateRT 10.7±4.0%
Phenylethyl alcoholS 4.7±1.5% 16.5±3.6%
Isoprenoids
Monoterpenes
(Z)-OcimeneS 0.3±0.2%
(E)-OcimeneRT 5.1±1.4%
LinaloolS 21.8±3.1% 35.7±4.7%
Sesquiterpenes
β-CaryophylleneS 7.2±2.9%
α-HumuleneRT 0.2±0.2%
four others, unidentifiedMS 7.0±4.6%
Terpene derived compounds
Geranyl acetoneMS 4.8±1.5%
Nitrogen containing compound
Benzyl nitrileRT 0.3±0.2%
Unknowns b
m/z: 150⁎, 69, 41, 81, 79, 107, 135 13.3±2.8%
Number of samples 5 6
Number of compounds per sample 14.0±0.6 5.2±0.3
Total number of compounds 17 6
Total emission
rate (ng inflorescence−1h−1)
21.9±2.4 5.6±0.8
Total emission rate
(ng flower−1−1)
4.8±0.6 2.1±0.3
Percentages are mean proportional abundance (±SE) of each compound.
a Criteria by which each compound was identified: MS = comparison of mass
spectrum with reference library; RT = comparison of mass spectrum with
reference library and of retention time with published Kovats retention indices;
S = comparison of mass spectrum and retention time with authentic standard.
b The molecular ion (⁎) is followed by the other mass fragments in order of
decreasing abundance.
Table 2
List of bee species caught visiting flowers of Aloe minima and A. linearifolia
and their pollen loads (% Aloe pollen, mean if nN1).
Bee species Aloe minima Aloe linearifolia
n Head Rest of
body
n (site) Head Rest of
body
Allodape ceratinoides
Gribodo
2 94.0 90.0 1 (W) 88.2 91.0
Allodape rufogastra
Lepeletier & Serville
1 (V) 96.4 89.0
Allodape skaifeorum
Michener
1 45.2 99.0 3 (W) 94.5 89.7
Allodape stellarum
Cockerell
2 (V) 96.6 100.0
Allodapula variegata 1 (V) 100.0 100.0
Amegilla aspergina
(Cockerell)
1 (V) 79.1 86.6
Amegilla capensis
(Friese)
1 89.0 28.0
Amegilla fallax (Smith) 1 100.0 98.0 3 (W) 61.0 68.7
Amegilla penicula
Eardley
1 74.0 72.0
Amegilla kaimosica
(Cockerell)
1 89.0 93.0
Anthophora matopoensis
Cockerell
1 95.0 81.5
Apis mellifera 2 71.7 96.0
Ceratina nasalis Friese 1 76.0 96.0
Lasioglossum sp. 1 100.0 100.0 1 (W) 66.7 95.0
Megachile sp. 3 96.8 73.4
Aloe minima was studied at Summerveld; sites for A. linearifolia: W = Winston
Park; V = Vernon Crookes Nature Reserve.
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Only insect visitors to the flowerswere observed in both species.
These were primarily solitary and sub-social bees (Hymenoptera,
Apidae, Table 2), which collected pollen and nectar, andwasps and
ants that were not observed to probe flowers. Of the bees, only
Amegilla and Apis mellifera had proboscises longer than 1 mm.
Mean (±SE) proboscis lengths were 7.8±0.3 mm for Amegilla
(N=4) and 3.5±0.2 mm forA. mellifera (N=2). These two visitors
were observed to reach into the flowers of both aloe species for the
nectar located at the base of the floral tube, with their heads pressed
into the tube opening, thus making legitimate contact with the
reproductive surfaces (Fig. 2). The smallMegachile bees were seen
crawling into the perianths of A. linearifolia, with their undersides,
especially the abdomens, making contact with the floral reproduc-
tive surfaces (Fig. 2). This was not observed inA.minimawhere the
anthers blocked the entrance completely. Only Amegilla bees wereobserved to hover whilst feeding. Like the other visitors, however,
Amegilla also perched by clasping the tepals of the perianth tube.
Bees flew directly between the scattered individuals ofA.minima at
Summerveld despite the fact that the grass amongst which the
plants were growing was visually obstructive to the human eye at
the height of the plant. The same behaviour was observed for A.
linearifolia at Winston Park. Pollen loads on all the captured bees
comprised mainly, and often almost exclusively, Aloe pollen
(Table 2). Amethyst and Olive Sunbirds were active only at
Winston Park and Vernon Crookes Nature Reserve, but never
visited A. linearifolia at these two sites. At Vernon Crookes the
aloes occur amongst bird-pollinated Leonotis intermedia and
Strelitzia nicolai, both of which produce an abundance of nectar,
and sunbirds consistently (N=10) flew over the aloes to visit these
plants instead. At Winston Park sunbirds were observed to feed on
insects around Protea welwitschii, also flying over the aloes
between Protea bushes.
3.4. Pollinator effectiveness
The mean (±SE) proportional fruit set in A. minimawas 28.8±
0.3% in open control plants and 30.8±0.4% in caged plants; and
in A. linearifolia was 19.4±0.5% in open control plants and
23.8±0.4% in caged plants (Fig. 3). Differences in both species
were not significant (Paired t-test, t=0.34, P=0.73 for A.
minima; t=0.97, P=0.35 for A. linearifolia). The mean number
of seeds per A. minima fruit capsule was significantly higher
Fig. 2. Flowers of the study species and bee visitors: (a) Inflorescences ofA. linearifolia. Scale 5 mm; (b)Allodape sp. on flower ofA. linearifolia. Scale 5 mm (b)Allodape
sp. entering the floral tube of A. linearifolia. Scale 5 mm. (c) Close up of Allodape sp. gleaning pollen from anthers of A. linearifolia. Scale 1 mm. (e–f). Amegilla sp.
probing flowers of A. minima for nectar. Scale 10 mm.
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(7.7±0.8, Fig. 3). In contrast, more seeds were set per A.
linearifolia fruit capsule in caged plants (15.3±1.5) than
control plants (13.5±1.7) but this difference was not significant
(t=1.07, P=0.31, Fig. 3).
Single visits by bees resulted in only a few instances of fruit
set. Of the 32 original virgin A. minima flowers, 12 were visited
by an Amegilla bee, and 20 by an individual of A. mellifera.
Only one of the flowers visited by each type of bee set fruit,
each containing five seeds. In A. linearifolia, a total of 21 virgin
flowers were exposed, of which 11 were visited by an Amegilla
bee, four by aMegachile bee, and six by an Allodape bee. Only
two of the flowers visited by an Amegilla bee set fruit, each
capsule containing two seeds.
4. Discussion
Our findings are consistent with the hypothesis that Aloe
minima and A. linearifolia are insect-pollinated. Importantly,
seed set in the study plants from which birds were excluded was
similar to that in open-pollinated plants, indicating that bothspecies were effectively pollinated by insects. This finding cannot
be explained by autogamy because both aloe species were found
to require cross pollination for seed set. The volatile compounds
emitted in the floral headspace are typical of insect-pollinated
flowers (Dobson, 2006), and other floral traits, namely UV
reflection and nectar characteristics, are also consistent with this
mode of pollination. The primary pollinators appear to be bees, as
supported by field observations, analyses of pollen loads, and
experimental evidence that a single bee visit can effect
fertilization in both species. Our findings are thus consistent
with the hypothesis, based until now on a single study
(Hargreaves et al., 2008), that exclusive insect-pollination pre-
dominates among the grassland aloes with small, short-tube
cream-coloured flowers. However, flower colour alone seems not
to be an accurate enough predictor, as shown by exclusive insect-
pollination in the yellow-flowered, albeit small short-tubed,
species A. linearifolia, and indicates that the range of aloes
pollinated solely by insects might still be underestimated.
An important question is thus: what are the key floral
features that must evolve for a transition between insect- and
bird-pollination systems? Given that the bird-pollinated aloes
Fig. 3. Fruit and seed set obtained with caged (bird-excluded) and open-pollinated controls for Aloe minima and A. linearifolia. Boxes show median and quartiles. The
whiskers are 10th and 90th percentiles, and dots indicate outliers.
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floral tube length undoubtedly plays an important role in
determining whether long-billed sunbirds can act as effective
pollinators. Also, as bees tend to co-pollinate aloes with flowers
where the anthers do not block them from crawling into the
perianth tube when gathering nectar (Botes et al., 2009),
congestion of the tube opening is likely to be an important trait
for bird–insect transitions. In addition, nectar palatability has
been shown to be important for excluding insects from taking
the nectar of some of the species pollinated by short-billed
generalist birds (Johnson et al., 2006). Scent may also play an
important role in the shift between bird- and insect-pollination
in Aloe, but it has not yet been investigated in any of the bird-
pollinated species.
Much has been learnt about the pollination of aloes in the
past few years. However, the major constraint on progress in
understanding the frequency and direction of shifts between
insect, sunbird and generalist bird-pollination systems, and thus
the basis for floral evolution, in Aloe sensu lato, is the lack of a
well-sampled phylogeny for this important group of African
plants. Current studies of the phylogeny of aloes are based on
very limited sampling of species (see Treutlein et al., 2003) and
provide limited clarity on this issue.
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